Cystic hydatid disease is a zoonosis caused by the larval stage (hydatid cyst) of 20
Diseases (http://www.who.int/neglected_diseases/diseases/en/). Echinococcus granulosus 57 sensu stricto, or simply Echinococcus granulosus, is one of the cryptic species of the E. 58 granulosus s.l. complex and is the species most widely distributed worldwide. Also, E. 59 granulosus is responsible for most cases of human CHD infections [3] . 60
The adult tapeworm lives in the small intestine of a definitive canid host, and the 61 larval stage develops in the viscera of a wide range of mammal species, including 62 humans. E. granulosus life cycle is predominantly domestic, where dogs are the definitive 63 hosts and ungulates are the intermediate hosts [4] . The metacestode is a fluid-filled, 64 unilocular cyst containing protoescoleces in its lumen. Protoescoleces are the pre-adults, 65 infective to the definitive host, which remain quiescent and immersed in the hydatid fluid 66 (HF), which is a complex mixture of molecules of both host and parasite origin. The 67 excretory/secretory products of the metacestode are of special relevance for the host-68 parasite relationship, as they have a greater potential to interact with host proteins and 69 cells. 70 4 Antigen B (AgB) is the most abundant and the major immunodominant protein 71 among the excretory/secretory metacestode products in the HF. AgB belongs to the group 72 of hydrophobic ligand binding proteins (HLBPs), a cestode protein family whose members 73 are known by their high abundance and immunogenicity, and by their oligomeric structure, 74 comprising 7-10 kDa α-helix rich subunits [5, 6] . The AgB oligomeric structure comprises 8 75 kDa subunits (AgB8/1 to AgB8/5) encoded by a multigene family [7] , which are 76 differentially expressed among the parasite life-cycle stages, metacestode tissues and 77 individuals [8-10]. AgB oligomers have been observed predominantly in the molecular 78 mass range of 150-200 kDa, but aggregates with higher molecular masses have also been 79 detected [9, 11] . 80
It has been demonstrated that delipidated AgB is able to bind hydrophobic 81 compounds in vitro [12] . The lipid moiety associated with AgB was analyzed and different 82 lipids were identified, with cholesterol, phospholipids and triacylglycerides being the most 83 prominent [13] . Moreover, delipidated recombinant AgB8/2 and AgB8/3 subunits were 84 capable of transferring fatty acids analogues to artificial phospholipid membranes [14] . E. 85 granulosus genome lacks sequences for several key enzymes for fatty acid and 86 cholesterol synthesis, thus the parasite is incapable of synthesizing these compounds de 87 novo [15, 16] . Hydatid cyst viability relies on the sequestration and utilization of host lipids, 88 and AgB might be involved in lipid uptake from host tissue and its transport to the parasite, 89 by stabilizing insoluble lipids into a lipoproteic particle [13] . 90
In addition, AgB roles in the modulation of both innate and adaptive immunity have 91 been proposed. It has been described that neutrophils have both the recruitment inhibited 92 and hydrogen peroxide production decreased by AgB [17, 18] . Besides, AgB polarizes the 93 immunological response to a Th2 profile, which is protective to the parasite [19, 20] . 94
Considering the two main roles attributed to AgB, immunomodulation and lipid 95 transport, it is reasonable to consider that a direct interaction with host cells and tissues 96 5 should occur. In fact, it was recently demonstrated that AgB binds to macrophages and the 97 plasma membrane of inflammatory monocytes, inducing a non-inflammatory phenotype in 98 macrophages [21] . However, little is known about the molecular details of AgB-cell 99 interaction and whether AgB interacts with non-immune cells, or even enters into the cell. 100
In the present work, we investigated the ability of HF-purified AgB oligomers to 101 enter into different mammalian cell types in vitro, and the mechanisms involved in AgB 102 internalization. Immunopurified AgB was incubated with four distinct cell lines 103 representative of different cell types, namely hepatocytes, fibroblasts, macrophages, and 104 lung epithelial cells. We demonstrated the entry of AgB into the cytoplasm of all studied 105 cell lines. Moreover, we provided evidence that the endocytic pathways are involved in 106
AgB internalization by cells, with raft-mediated endocytosis being the prevailing one. Immunoblot 118
Aliquots of 100 μl of HF samples were resolved on SDS-PAGE 12% and 119 electrophoretically transferred onto a nitrocellulose membrane. A pool of rabbit polyclonal 120 antibodies raised against each recombinant AgB subunit (AgB8/1 to 5) were used at 121 1:70.000 dilution as primary antibody. A horseradish peroxidase-conjugated goat anti-122 6 rabbit IgG (GE Healthcare) diluted at 1:7.000 was used as the secondary antibody. Blots 123 were developed using the chemiluminescent reagent ECL Plus (Pierce, ThermoScientific) 124 and imaged in VersaDoc system (BioRad). HF samples with higher AgB content were 125 used for the protein purification step (S1A Fig) . Genistein (Santa Cruz Biotechnology) was used at 100 μg/ml concentration and 182 chlorpormazine (Santa Cruz Biotechnology) at 5 μg/ml. AgB was then added at 40 μg/ml 183 and after incubation at 37°C for 1.5 h, the unbound proteins were removed by acidic 184 stripping (0.5 M NaCl, 0.5% acetic acid, pH 3.0) and three washes with cold PBS. Cells 185 were fixed and prepared for microscopy as described above. Cells were imaged using an 186
Olympus FluoView 1000 confocal microscope. 
Results

218
AgB oligomers are internalized by mammalian cells in culture 219
To investigate the ability of AgB oligomers to interact with and to be internalized by 220 mammalian cells, AgB from E. granulosus HF was immunopurified and added to the 221 culture medium of NIH-3T3, A549, RH or J774 cells. AgB internalization was evaluated 222 after 4 h of incubation at 37°C using an immunofluorescence assay. Cells were prepared 223 for confocal microscopy by labelling AgB oligomers with polyclonal antibodies against 224
AgB8/1, 2 and 4 subunits and a secondary anti-rabbit IgG conjugated to Alexa Fluor ® 488. 225
AgB signals were detected in the four cell lines tested, suggesting that AgB is able to 226 10 interact with mammalian cells by a mechanism independent of cellular type. No signals 227 were detected in the cells without AgB (Fig 1) . 228 
Endocytic pathways involved in AgB internalization 249
Having established that AgB oligomers could access the cytoplasmic compartment 250 of mammalian cells, we then investigated which endocytic pathway could be responsible 251 for this AgB uptake by RH and A549 cells. These two cell lines were chosen to perform the 252 following experiments in an attempt to simulate the natural situation, as liver and lungs are 253 the primary organs infected by E. granulosus. 254
Genistein, a tyrosine kinase inhibitor that prevents lipid raft-mediated endocytosis, 255 was used to treat RH cells; and after 30 min AgB oligomers were added to the culture 256 media and left to incubate for another 1.5 h at 37°C. We found that internalization of AgB 257 was inhibited by ~50% in RH cells treated with genistein (Figs 2A and 2B) . The same 258 inhibition assay was carried out with A549 cells and we found very similar results, where 259 AgB uptake was inhibited by ~69% (Figs 2A and 2B) . The results were statistically 260 significant for both cell lines ( Fig 2B) . 261 In order to test whether other endocytic pathways could be involved in AgB 278 oligomers uptake by RH cells, the inhibition assay was performed using chlorpromazine, 279 an inhibitor of clathrin-mediated endocytosis. After chlorpromazine treatment, 280 internalization of AgB was reduced by ~13%, however this was not statistically significant 281 (p = 0.39) (Figs 2C and 2D) . The higher inhibition of AgB internalization in the genistein 282 treatment indicates that raft-mediated endocytosis is the major pathway associated with 283 AgB uptake. metacestodes, and to allow that, different molecular mechanisms are employed by the 334 16 parasite to ensure its survival and development in the host microenvironment. In an 335 attempt to evade the host's immune response and absorb nutrients from the host, the 336 parasite secretes several molecules. AgB is the major antigen in HF and has been 337 implicated in immunomodulation processes, as well as in lipid transport and uptake 338 [13, 27] . 339
AgB has been studied for a long time and it is known to generate a strong humoral 340 response and to modulate host immune response, which is in agreement with the idea that 341
AgB is secreted towards the outside of the hydatid cyst [27, 28] . Moreover, there are many 342 studies reporting AgB effects on immune cells that support a direct AgB-cell interaction in 343 host tissue [20, 21] . However, whether this interaction occurs with other cell types and what 344 underlying mechanisms are involved in this process, are still unclear. We hypothesized 345 that AgB may interact with host tissue cells surrounding the hydatid cyst to interfere with 346 host cell homeostasis, facilitating nutrient acquisition and immune evasion. In this study, 347
we demonstrated that E. granulosus AgB is taken up by mammalian cells in vitro by 348 endocytosis. Since AgB internalization seems to be independent of the cell type, it most 349 likely occurs by a ubiquitous mechanism. Thus, we further evaluate the involvement of 350 specific endocytic pathways on AgB internalization. that binds to glycosphingolipid GM1 on rafts to be subsequently internalized, so we used it 360 as a marker for raft-mediated endocytosis [32] . Chlorpromazine and genistein were used 361 in this study to inhibit clathrin-and raft-mediated endocytosis pathways, respectively. 362
Treatment with genistein was able to significantly decrease AgB oligomers uptake 363 by RH and A549 cells. Accordingly, we found that AgB colocalizes with Ctx-B in RH cells. 364
We observed a partial colocalization of AgB with Tfn and the inhibition assay with 365 chlorpromazine showed only a slight, not significant, decrease in AgB internalization. It is 366 possible that clathrin-mediated endocytosis accounts for just a small part of AgB uptake, 367 making difficult the detection of a difference after inhibition by chlorpromazine. Taken 368 together, our results are consistent with the idea that the endocytosis process is required 369 for AgB entry into mammalian cells. Indeed, raft-mediated endocytosis is most likely the 370 main pathway involved in AgB uptake by cells. However, a minor role for clathrin-mediated 371 endocytosis in AgB internalization cannot be excluded. 372
It was proposed that AgB binds to macrophages and monocytes plasma 373 membranes through a lipoprotein receptor; however no specific receptor could be 374 determined [21] . Our findings are in agreement with this idea because some lipoprotein 375 receptors, such as lectin-like oxidized LDL receptor-1 (LOX-1), LDL receptor-related 376 protein 6 (LRP6), and scavenger receptors CD36 and CD204 use raft-mediated pathways 377 for endocytosis [33] [34] [35] [36] . Considering our results, it is also possible that more than one 378 receptor might be involved in AgB binding, so that a higher efficiency of internalization is 379 obtained. Alternatively, the receptor undergoes endocytosis by both pathways upon AgB 380 binding. This regulatory mechanism involving different endocytic routes has been 381 observed with LRP6, in which the receptor is internalized by caveolae (a raft subdomain) 382 to promote Wnt/β-catenin signaling transduction, whereas the clathrin route leads to LRP6 383 degradation [37] . AgB uptake did not induce toxicity to cells according to our MTT assay, 384 therefore internalization is more likely part of the mechanisms underlying AgB roles during 385 E. granulosus metacestode infection. AgB-cell interaction may be a mechanism used by 386 18 the parasite to create a more permissive microenvironment for metacestode development 387 and survival. AgB presence in cytoplasm could interfere with cell metabolism, generating 388 molecules and/or signals beneficial to the parasite. 389
The lack of genes coding for several key enzymes involved in fatty acid and 390 cholesterol synthesis [15, 16] reinforce the idea that AgB interaction with cells from the host 391 tissue surrounding the hydatid cyst is a suitable scenario to get lipids from biological 392 membranes or inner cell storages. A similar scenario has been described for the Taenia 393 solium metacestode, where HLBPs were able to translocate lipid analogs to parasites' 394 tissues, and also colocalize with lipid droplets in the granuloma surrounding the 395 metacestode [6]. Since lipids are essential for metacestode survival and development, the 396 understanding of molecular mechanisms employed by the parasites to acquire these host 397 macromolecules will provide potential targets for therapeutic discovery efforts. 398
AgB internalization by immune cells could influence the signalization towards anti-399 inflammatory or alternative pathways, eliciting a host non-protective response 400 characteristic of immunoevasion processes. Similarly, in Fasciola hepatica a cathelicidin-401 like protein was described to bind lipid rafts, and after internalization, to divert 402 macrophages function by suppressing lysosomal activity and, consequently, interfering 403 with antigen presentation [38] . 404
The destination of AgB after entry into cells was not evaluated here, but is an 405 important issue to be addressed in further investigations in order to confirm that AgB 406 internalization is necessary for its proposed biological roles. Among many possible 407 destinations, an endocytosed protein can be routed to the late endosomes and lysosomes 408 for degradation, to the trans-Golgi network or to recycling endosomes that bring the cargo 409 back to the plasma membrane [39] . It would be interesting to know if AgB goes to the 410 recycle pathway, which would permit its further exocytosis and return to parasitic tissues, 411 or if it goes to lysosome for degradation. Further studies of colocalization with lysosomes 412 and recycling endosomes using organelle markers described in the literature, as LAMP-1 413 and Rab-11 [40, 41] , should help to elucidate the fate of AgB after internalization. 414
Like AgB, cestode HLBPs are involved in parasite lipid homeostasis and 415 immunological process [6, 42] . Thus, further investigations on the cellular and molecular 416 effect of HLBPs on host cells are important steps to improve the understanding of the 417 parasites biology and disease progression. Likewise, elucidating how the molecules 418 sequestered by HLBPs become available to parasites cells will help to identify potential 419 targets for the treatment and control of cestodiasis. 420 421
